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Using ultrasonics, acoustic characteristics of a glassy alloy Cu45Zr45Al5Ag5 are examined in order
to understand its low-temperature elasticity. Longitudinal and transverse wave velocities, eight kinds
of elastic parameters, and dilational and shear internal frictions were simultaneously measured as a
function of temperature between 77 and 373 K in Cu45Zr45Al5Ag5 alloy, using an ultrasonic pulse
method. The inflection at around 328 K for the anisotropy factor, the four elastic moduli, the Poisson
ratio, the Debye temperature, and the 295 K peak of dilational friction show one topological change
pseudo-transition associated with electron-phonon coupling, accompanied by accumulation of
strain. A monotonic decrease from 77 K in Young and shear moduli and the Debye temperature as
well as a pronounced increase from 150 K in shear friction indicates thermal relaxation of squeezed
free-volume, accompanied by an increase in atomic distance and uniaxial volume-preserving
deformation. © 2008 American Institute of Physics. DOI: 10.1063/1.2826993
I. INTRODUCTION
Glassy alloys are peculiar metallic alloys that lack the
long-range cyclic order of normal, crystalline alloys. Much
attention has been devoted to the glass-forming ability of
atoms of different types in glassy alloys,1 i.e., their cluster
structures,2 structural relaxation during annealing,3 and po-
tential applications.4 However, in addition to these character-
istics, it is also important to observe their acoustic properties
in disordered phase during heating.
Since glassy alloys show a nonideal elastic behavior due
to anelasticity similar to organic and inorganic glasses,5 it
would be expected that such a behavior can be successfully
detected by elastic moduli and internal friction measure-
ments. Ultrasonics is the only method available for measure-
ment of high-frequency elastic moduli and loss that arise
from atomic motions underlying relaxation processes.6 These
data cannot be obtained by extrapolation of low-frequency
mechanical data because of the invalidity of the implicit
assumptions.7 Internal friction offers useful information
about various stages of atomic displacements, such as relief
of strain, softening, and embryo for nucleation of amorphous
phase,8 because the origin of the high loss in many glassy
alloy systems lies in specific atomic relaxation process.9
In this study, we report the temperature dependence of
eight kinds of elastic parameters and dilational and shear
internal frictions for a cast glassy alloy Cu45Zr45Al5Ag5 over
the temperature range 77–373 K, in terms of elastic and
damping evaluations, by an ultrasonic pulse method. As far
as we know, however, no research work has been carried out
previously on the simultaneous measurement of all the elas-
tic parameters and internal frictions in the lower temperature
region. Our interest lies in elastic effects of free volume
squeezed at cryogenic temperatures. The alloy, which is the
typical metal/metal type one, has a large super-cooled liquid
region of more than 80 K and high glass-forming ability with
the critical diameter of about 9 mm.10
II. EXPERIMENTAL PROCEDURE
The specimen Cu45Zr45Al5Ag5 density of
7.350 Mg /m3, Tg=697 K, produced by a copper mold
casting method,10 was in the form of a long rod 7 mm in
length and 5.5 mm in diameter fastened to a stainless steel
waveguide with threads of pitch 1.5 mm, using a domed cap
nut of copper. The annealing of the specimen was carried out
by heating at 500 K for 600 s under a vacuum. Naphthenic
hydrogen oil with viscosity of 400 Pa s Ref. 11 was used as
a couplant medium between the specimen and the waveguide
to improve nonequilibrium of heat distribution for the
sample. We used a longitudinal wave generating piezoelec-
tric transducer with 7 MHz frequency as an optimum fre-
quency. The elastic parameters were measured in the tem-
perature range from 77 up to 373 K at a heating rate of 0.03
K/s in vacuum. The experimental procedure is described in a
previous paper.8,12 For calculation of the Debye
temperature,13 we used 3.45 as the number of degrees of
freedom and 1.10310−27 m3 as the average atomic vol-
ume. Increasing and decreasing rates in the internal friction
Ql
−1 and Qs
−1 at temperature t of longitudinal and transverse
waves, respectively, were calculated using the ratio of the
logarithmic echo amplitude of the ultrasonic pulse wave at t
to the corresponding amplitude measured at the lowest
temperature.14
Dilational and shear wave attenuation coefficients and
dilational and bulk dynamic viscosities were measured by
use of an ultrasonic diagnosis and analyzer TP-1001,
Toshiba Tungaloy at 298 K, using longitudinal and shearaElectronic mail: fukuhara@imr.tohoku.ac.jp.
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waves with a frequency of 5 MHz. The transducers were
contacted at both edges of the specimen under a pressure of
0.2 MPa. The experimental procedure has been described in
our previous papers.15
III. RESULTS
A. Temperature dependence of wave velocity
Sound velocity provides a sensitive tool for locating
phase transitions, determining phase diagrams, and studying
the phase-transition order. Figure 1 shows the longitudinal
and transverse wave velocities as a function of temperature.
Both velocities decrease substantially with increasing tem-
perature, as is similar for metals, ceramics, and polymers.
This suggests that the bonding strength in the glassy alloy
decreases. The longitudinal velocity changes to the more
rapid one at around 260 K, while the transverse velocity
shows a tiny fixed point at around 260 K and then begins to
increase somewhat from 328 K. Especially, the transverse
velocity-temperature slope −1.1010−4 1 /K from 77 to
260 K is higher by one order than that −2.54
10−5 1 /K of the longitudinal one. Thus both inflections
at around 260 K would be signs of change in the bonding
nature of the glassy alloy. The gentle increase from 328 K in
the transverse one may be associated with a structural relax-
ation.
In order to investigate the changes in bonding nature, we
show the temperature-dependence anisotropy factor in Fig. 2.
The factor curve is similar to that of transverse wave veloc-
ity. Since the anisotropy curve definitely indicates a change
in amorphous topology associated with bonding strength and
atomic coordination, there is a possibility that one structural
change occurs at around 328 K. Although the decimal frac-
tion of glassy alloys increases as temperature increases in the
temperature range above room temperature, the factor at 77
K is reversely higher than that at 328 K. This means activa-
tion of the shear mode at lower temperatures, as can be seen
from the above-mentioned transverse velocity-temperature
slope. Since elasticity of glassy alloys is dominated by shear
motion,16 the anomalous behavior of the transverse velocity
provides new insight for the amorphous topology associated
with metallic clusters.
B. Temperature dependence of elastic parameters
The Young, shear, and bulk moduli and the Lamè param-
eter are shown in Fig. 3 as a function of temperature. The
four elastic parameters show a unique order of bulk modulus,
Lamè parameter, and Young and shear moduli over the whole
determined temperature range, which is monopolitical char-
acteristics of glassy alloys,16 except for polymers and rub-
bers. The Young and shear moduli show gradual decrease,
while the bulk modulus and Lamè parameter keep constant
up to around 260 K and then decrease sluggishly as tempera-
ture increases. Since a ratio G shear modulus /K bulk
modulus can be conveniently taken as a measure of elastic-
ity, the ratio is also shown in Fig. 3 as a function of tempera-
ture. The curve resembles that of the anisotropy factor in Fig.
2. In comparison with ratios of other representative
materials,12 carbon steel 0.49, Ti-6Al-4V 0.35, Inconel 718
0.45, -alumina 0.64, zirconia 0.42, -sialon 0.51, quartz
0.86, PMMA polymethyl methacrylate 0.41, PI polyimide
0.34, and urethane rubber 0.35, the curve in Fig. 3 shows the
lowest value 0.266 at 328 K, which is lower than those of
urethane rubber. The 328 K change could be associated with
structural change of amorphous morphology for the
Cu45Zr45Al5Ag5 alloy. However, no phase transition occurs
in the temperature region of interest, as far as we have been
able to ascertain from the literature.
The temperature dependence of the Poisson ratio and
elastic Debye temperature is presented at Fig. 4. The Poisson
FIG. 1. Temperature dependence of longitudinal and transverse wave ve-
locities of glassy alloy Cu45Zr45Al5Ag5.
FIG. 2. Acoustic wave anisotropy factor vs temperature in glassy alloy
Cu45Zr45Al5Ag5.
FIG. 3. Temperature dependence of Young, shear, and bulk moduli, Lamè
parameter, and G /K of glassy alloy Cu45Zr45Al5Ag5.
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ratio reveals gradual increase up to 328 K and then sluggish
decrease up to 373 K. Since the increase in the Poisson ratio
means a softening of the glassy alloy, the increase indicates
degradation of bonding strength in the low-temperature re-
gion without devitrification. Furthermore, the decrease from
328 K in a qualitative way can be interpreted to be analogous
to the case of rubber stretching.17 On the other hand, the
Debye temperature curve shows substantial decrease up to
325 K and then saturates. The decrease in the Debye tem-
perature, i.e., the decrease in the maximum frequency al-
lowed, leads to an increase in the effective atomic distance.
Thus the increase in atomic distance could be derived from
thermal relaxation of free volume squeezed at cryogenic tem-
peratures.
C. Temperature dependence of internal frictions
The temperature dependence of wave velocities and
elastic parameters we observed gives anomalous evidence of
amorphous atomic configurations in the lower temperature
range. In this section, internal friction curves for longitudinal
and transverse waves are measured as a function of tempera-
ture Fig. 5. The dilational friction shows one broad peak at
around 295 K. Sliding or rotation of crystals and a variation
in the potential energy between a pair of atoms for metallic,
organic, and inorganic materials causes the dilational
friction.6,8,12,14 As we can see from the physics of dilational
friction and the atomic morphology of the glassy alloy, the
295 K peak is probably due to an interatomic readjustment
associated with atomic rotation underlying the relaxation
process.6
The shear friction is characterized by a peak at 256 K or
a single deep valley at 275 K and subsequently notable in-
crement from around 275 K. Since the shear friction curve
begins to increase from around 150 K and drops abruptly at
264 K, we treat it as a valley occurring at 275 K, which
corresponds to an entrance temperature of the dilational
peak. Thus the 275 K valley may be due to an accumulation
of strain as the relaxation occurs, as deduced from the phys-
ics of shear friction.6,8,12,14,18 Indeed, an anthracene single
crystal shows similar behavior at 181 K, corresponding to
ultrasonic-induced phase transition.19 Furthermore, the phys-
ics of shear friction6,8,12,14,17 also suggests relief of strain for
the increase from around 150 K. This means thermal relax-
ation of squeezed free-volume, accompanied by increase in
atomic distance, as can be assumed from the decrease in the
Debye temperature of Fig. 4.
D. Acoustic measurement for structural relaxation
To confirm the structural relaxation in the temperature
above 328 K, we compare the results for as-cast and relaxed
samples annealed at 500 K in view of complex elasticity.
Table I shows longitudinal and transverse wave velocities,
attenuation coefficients, frequencies, and phase angles for as-
cast and relaxed samples. In comparison with the as-cast
sample, longitudinal and transverse wave velocities, Vl and
Vs, attenuation coefficients, l and s, and frequencies, f l and
fs, of the relaxed one decrease somewhat, but phase degrees,
l and s, show fair reduction. Since thermal degradation of
vulcanized rubbers is characterized by phase delay at higher
frequencies, accompanied by regression of viscoelasticity,20
we can elucidate the delay in phase as devitrification associ-
ated with structural relaxation. Furthermore, we investigate
power spectra a of receiving waves and Nyquist diagrams
b of as-cast and relaxed samples for longitudinal and trans-
verse waves. The Nyquist diagram was plotted counter-
clockwise in the complex plane of the open-loop transfer
propagation wave function for all the complex frequencies,
using a vector locus of phase .21 Fourier transformation of
the digitized receiving waveforms from the dispersive media
is carried out to determine the main frequency f and  at f:
FIG. 5. Temperature dependence of internal frictions for longitudinal and
transverse waves of glassy alloy Cu45Zr45Al5Ag5.
FIG. 4. Temperature dependence of Poisson ratio and Debye temperature
for glassy alloy Cu45Zr45Al5Ag5.
TABLE I. Comparison of longitudinal and transverse wave velocities, attenuation coefficients, main frequen-
cies, and phase degrees at the main frequencies for as-cast and relaxed samples at room temperature.
Vl m/s Vs m/s l Nep/cm s Nep/cm f l MHz fs MHz l rad s rad
As-cast 5150 2300 1.270 1.760 5.2 4.6 5.05 4.10
Relaxed 5142 2294 1.249 1.722 5.0 4.5 0.07 0.53
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Im/Re = tan  . 1
These results are presented in Fig. 6. The power spectra of
both samples for both waves do not show distinct difference.
The Nyquist diagrams for the relaxed sample are character-
ized by small areas of the third and fourth quadrants in the
loop, while the diagrams for the as-cast one tend to have
relatively large areas of the first and fourth quadrants, and
the second and third quadrants for longitudinal and trans-
verse ones, respectively. The large area of the fourth quad-
rant suggests advancement of delay in phase, that is, incre-
ment of the imaginary parts in the complex waves.15
IV. DISCUSSIONS
Although it has been believed that the concepts of pho-
non theories for the glassy alloys are as inapplicable as they
were for inorganic materials, the atomic interpretation of the
acoustic data for the glassy alloys has become available in
recent years.15,20,21
The inflection at around 328 K for anisotropy factor in
Fig. 2, the four elastic moduli in Fig. 3, the Poisson ratio and
Debye temperature in Fig. 4, and the 295 K peak of dila-
tional friction in Fig. 5 show one phase change pseudo-
transition driven by a change in topological atomic configu-
rations of the system. From comparison of relatively large
changes in the bulk modulus with tiny changes in the shear
modulus Fig. 3, we can assume that the softening from 328
K is due to the nonvolume-preserving three-dimensional
shear distortion rather than the volume-preserving uniaxial
shear distortions.
The ratio G /K in Fig. 3 showed the lowest value 0.266
at 328 K. This bears a close resemblance to high elasticity of
rubber.22 Indeed, we observed a rubberlike entropy elasticity
for glassy alloy Pd40Cu30Ni10P20.
20 The high elasticity corre-
sponds to the lowest value of the Debye temperature in Fig.
4, leading to an increase in the effective atomic distance.
Here, it should be noted that TiNi showed maximum values
of bulk modulus, Lamè parameter, and Poisson ratio, the
lowest ones of Young and shear moduli, anisotropy factor,
and Debye temperature, and one peak and one valley in di-
lational and shear internal frictions, respectively, at 287 K.12
Hence, by their analogies we infer that the glassy alloy
Cu45Zr45Al5Ag5, which shows completely similar behaviors,
is connected to the pseudo-transition associated with
electron-phonon coupling, accompanied by accumulation of
strain during relaxation. Indeed, we have reported the similar
behavior by atomic topological change in the same family as
Cu45Zr40Hf5Ag5 alloy, accompanied by electron-transverse
phonon coupling.16
Although there are plenty of nonequilibrium atomic-
scale free volumes in glassy alloys quenched at room
temperature,3 it has not been clear whether the free volumes
increase at cryogenic temperature or not. Li et al.23 have
reported enhancement of yield stress for Zr-based bulk
glassy alloy from 1748 to 1967 MPa at 77 and 300 K, re-
spectively, so that the mobility of the free volumes decreases
dramatically with decreasing temperature. From this point of
view, the monotonic decreases in the anisotropy factor of
Fig. 2 and the Debye temperature of Fig. 4, and the increases
in the Poisson ratio of Fig. 4 and the shear friction of Fig. 5,
from 77 K are distinct manifestations for thermal relaxation
of the squeezed free-volumes, accompanied by the increase
in atomic distance. In comparison with the four elastic
moduli in Fig. 3, the Young and shear moduli gently decrease
FIG. 6. Power spectra a of receiving waves and Nyquist diagrams b of as-cast and relaxed samples for longitudinal and transverse waves.
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from 77 to around 260 K, but the bulk modulus and Lamè
parameter keep constant. This means that the thermal recov-
ery of the squeezed free-volumes readily undergoes uniaxial
volume-preserving deformation such as degradation in the
Young and shear moduli but resists three-dimensional non-
volume-preserving deformation such as no change of bulk
modulus and Lamè parameter. Although glassy alloys are
characterized by lower transverse wave velocities compared
with crystalline alloys, the squeezed free-volumes recover
the transverse ones. To the best of our knowledge, little re-
search is reported about any theoretical model that antici-
pated or predicted such a softening. Thus it is clear that the
lower transverse ones of glassy alloys are derived from the
existence of free volumes. From the above-mentioned results
and discussions, the increases in the Young and shear moduli
at cryogenic temperatures could be caused by squeezing of
free volumes. However, it calls for further careful investiga-
tion using the electron and x-ray microscopic studies to de-
termine various effects of the squeezed free-volumes.
V. CONCLUSIONS
Characteristic elastic and damping behaviors in glassy
alloy Cu45Zr45Al5Ag5 were measured simultaneously as a
function of temperature in the range between 77 and 373 K.
The Young and shear moduli, anisotropy factor, and Debye
temperature monotonically decrease from 77 to 260 K and
shear internal friction shows a pronounced increase from
around 150 K, showing thermal relaxation of free volumes
squeezed at cryogenic temperatures, accompanied by the in-
crease in atomic distance. The thermal recovery of the
squeezed free-volumes readily undergoes uniaxial volume-
preserving deformation but resists three-dimensional non-
volume-preserving deformation. Thus it is clear that the
lower transverse velocities of glassy alloys are derived from
the existence of free volumes. The inflection at around 328 K
for the anisotropy factor, the four elastic moduli, the Poisson
ratio, the Debye temperature, and the 295 K peak of dila-
tional friction shows a pseudo-transition associated with
electron-phonon coupling, accompanied by accumulation of
strain during relaxation. These elastic parameters are sensi-
tive probes for evaluating the electronic and topological con-
tributions of glassy alloys associated with the atomic rotation
underlying the relaxation process.
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